The number of patients with Alzheimer's disease (AD) is increasing worldwide, and available drugs have shown limited efficacy. Hence, preventive interventions and treatments for presymptomatic AD are currently considered very important. Obesity rates have also been increasing dramatically and it is an independent risk factor of AD. Therefore, for the prevention of AD, it is important to elucidate the pathomechanism between obesity and AD. We generated high calorie diet (HCD)-induced obese tauopathy model mice (PS19), which showed hyperleptinemia but limited insulin resistance. HCD enhanced tau pathology and glial activation. Conversely, voluntary exercise with a running wheel normalized the serum leptin concentration without reducing body weight, and restored the pathological changes induced by HCD. Thus, we speculated that persistent hyperleptinemia played an important role in accelerating pathological changes in PS19 mice. Leptin primarily regulates food intake and body weight via leptin receptor b (LepRb). Interestingly, the nuclear staining for p-STAT3, which was activated by LepRb, was decreased in hippocampal neurons in HCD PS19 mice, indicating leptin resistance. Meanwhile, astroglial activation and the astrocytic expression of a short LepR isoform, LepRa, were enhanced in the hippocampus of HCD PS19 mice. Real-time PCR analysis demonstrated that leptin increased mRNA levels for pro-inflammatory cytokines including IL-1β and TNF-α in primary cultured astrocytes from wild type and LepRb-deficient mice. These observations suggest that persistent hyperleptinemia caused by obesity induces astrocytic activation, astrocytic leptin hypersensitivity with enhanced LepRa expression, and enhanced inflammation, consequently accelerating tau pathology in PS19 mice.
Introduction
The rapid increase in the size of the elderly population has resulted in a dramatic increase in the number of patients with dementia. Of all diseases causing dementia, Alzheimer's disease (AD) is the most prevalent, contributing up to 60-70% of all dementia cases. Current therapies for AD only provide symptomatic relief, either by temporarily improving symptoms above baseline or by delaying cognitive decline. Thus, diseasemodifying therapies based on the pathomechanisms of AD are a central focus of AD drug discovery. Although the pathomechanisms of AD are still unclear, β-amyloid protein (Aβ) and tau protein are common targets for disease-modifying therapies. However, recent clinical trials based on the amyloid hypothesis and aiming to reduce the production of Aβ or to remove the accumulated Aβ from the brain have failed to demonstrate significant clinical efficacy, although the hope that these therapies will have some beneficial effects has not been completely abandoned. Additionally, tau-targeting therapies have also failed to yield results for the treatment of AD and related tauopathies, although tau pathology is thought to be more directly related to neurodegeneration and cognitive decline than Aβ pathology (Yoshiyama et al., 2013) . Along with these clinical observations, disease-modifying therapies have shown limited efficacy towards improving symptomatic AD patients. Therefore, to prevent the onset of clinical symptoms of AD, researchers have turned their attention to the relationship between lifestyle and AD. Lifestyle-related diseases are potentially preventable, and can be decreased with adequate changes in diet, physical activity, and environment without incurring excessive expense. The common feature at the core of most lifestyle diseases is obesity, rates of which have dramatically increased. Worldwide, age-standardized prevalence of obesity was estimated to be 9.8% in men and 13.8% in woman in 2008, and the highest prevalence of obesity was 29.2% in North American men (Finucane et al., 2011) . Although it is well-known that obesity is an independent risk factor of AD (Kivipelto et al., 2005; Whitmer et al., 2007; Gustafson et al., 2009; Li et al., 2010; Profenno et al., 2010) , obesity induces other AD risk factors. It is therefore difficult to clarify the effects obesity itself and its mechanisms have on AD while excluding other contributing factors and complications related to obesity (such as diabetes mellitus) in human research. Thus, it is important to generate appropriate models to evaluate the pathological relationship between obesity and AD.
High calorie diets (HCD) used in a majority of diet-induced obesity studies usually contain around 550 cal/100 g, and typically induce glucose metabolism abnormalities and insulin resistance (diabetes mellitus). To develop an obese tauopathy mouse model with fewer complicating factors induced by obesity, we used a moderately high calorie diet containing 415 cal/100 g. This allowed us to develop an obese tauopathy mouse model that showed obvious hyperleptinemia but limited insulin resistance. Interestingly, both tau pathology and glial activation were enhanced in these mice, and the expression of certain isoforms of leptin receptor (LepR) was enhanced in astrocytes. Meanwhile, voluntary exercise (EX) with a running wheel reduced hyperleptinemia without altering body weight, and also reduced the tau pathology and glial activation. These findings suggest that the persistent hyperleptinemia might be an important factor that enhances tau pathology.
Methods

Animals
The generation of transgenic (Tg) mice carrying the human tau gene harboring a P301S mutation was previously described by our group (Yoshiyama et al., 2007) . Briefly, a cDNA construct of human tau isoform T34 (1N4R) harboring the P301S mutation was cloned into the MoPrP.Xho expression vector containing a mouse prion (MoPrP) promoter (Borchelt et al., 1996) at the XhoI site. A 15-kb NotI fragment containing T34 and the MoPrP promoter together with 39 bp of untranslated sequence was used as the transgene to create tau Tg mice in a B6C3H/F1 background. A stable Tg line (PS19) and non-Tg offspring were identified by PCR analysis of tail genomic DNA.
To reduce potential variations in tau pathology, body weight and metabolism, we used only female mice. Female PS19 mice were exposed to either HCD [15.3% fat (source: beef tallow; composition: saturated, 41%; monosaturated, 44%; polysaturated, 10%: oleic acid, 40%; palmitic acid, 24%; stearic acid, 14%; linoleic acid (n-6), 9%; linolenic acid (n-3), 1%), 415 cal/100 g, Quick Fat (Clea Japan Inc., Japan)] or standard rodent laboratory diet (SD) (4.5 % fat, 330 cal/100 g, Lab Diet 5 L65, Japan SLC, Inc., Japan) from 1.5 to 10 months of age.
The animals in the HCD group were housed in either a regular cage or a cage equipped with a running wheel (CL-4579-2. Clea Japan, Inc., Japan) (from 1.5 to 10 months of age). The average amount of exercise was 9.0 ± 2.0 × 10 3 rounds/day (≈5.6 ± 1.2 km/day, mean ± SD). At 10 months of age, animals were decapitated, and blood (500-700 μl) was collected from the left ventricle of the heart for analysis. Serum samples were stored at −80°C until measurements. Brain specimens were harvested and hemi-dissected: One hemisphere was microdissected and the other was postfixed in 4% PFA. All tissues used for biochemical analysis were stored at −80°C, whereas tissue processed for immunohistochemistry was stored at 4°C. There was no difference in survival among any of the groups. The final numbers of subjects in the SD, HCD, and HCD + EX groups for this study were 13, 12, and 10, respectively. All experiments were approved by the Committee of Animal Care and Control in Chiba East National Hospital.
Assessment of metabolic changes
Body weight was recorded every 4 weeks throughout the study. Fasting serum insulin and leptin levels were determined using the enzyme-linked immunosorbent assay (ELISA) kit (Morinaga Institute of Science, Inc., Japan). Fasting serum total cholesterol level was determined using a colorimetric assay performed with commercial reagents (BioVision, Inc., San Francisco, CA, USA). Fasting serum triglyceride level was determined using Accutrend GCT (Roche Diagnostics, Switzerland). Intraperitoneal glucose tolerance tests (IGTT) were performed in PS19 mice (SD, n = 12; HCD, n = 13; HCD + EX, n = 6) one week before sacrifice. On the night before the IGTTs, food was removed at 6:00 PM, and at 9 AM the next day, and mice were given a single-dose intraperitoneal injection of glucose (2 g/kg body weight) (15 hours fasting). Blood samples were collected from the tail vein immediately before glucose administration and again at 15, 30, 60, and 120 min post-gavage. Blood glucose was assessed using Glutest Ace R (Sanwa Kagaku Kenkyusho Co., Ltd., Japan) following the manufacturer's instructions. Insulin tolerance tests (ITTs) were performed in PS19 mice (SD, n = 10; HCD, n = 12; HCD + EX, n = 6) two weeks before sacrifice. The mice were intraperitoneally injected with insulin (0.75 U/kg diluted in 0.1 ml of 0.9% NaCl). Blood samples were collected from the tail vein immediately before the injection of insulin and again at 15, 30, 45, 60, and 120 min after the insulin injection. Blood glucose was assessed by using Glutest Ace R.
Tau insolubility and phosphorylation states
Proteins were extracted by solubilizing brain tissue in radioimmunoprecipitation assay (RIPA) buffer [50 mM Tris, 150 mM NaCl, 0.1% SDS, 0.5% sodium deoxycholate, 1% NP40, 5 mM EDTA, and protease inhibitor cocktail (protease inhibitor cocktail set I (Calbiochem, Merck, Germany); final pH 8.0)], using 1 ml/g. Samples were then centrifuged at 40,000 g for 40 min at 4°C. The supernatants were used as RIPAsoluble samples, while the RIPA-insoluble pellets were extracted using 70% formic acid (FA) to recover highly insoluble protein.
Imaging and statistical analyses
Images were captured with a Nikon Eclipse 80i microscope and a Nikon DXM 1200C digital camera, and analyzed using ImageJ software (National Institutes of Health, Bethesda, MD). The results were expressed as the mean ± SE. Statistically significant differences were determined by analysis of variance using SPSS statistical software (SPSS, Chicago, IL, USA). Statistical significance was set at P b 0.05.
Western blot analysis
Protein concentrations of RIPA-extracted samples were determined using a BCA protein assay kit (Pierce, Rockford, IL), and proteins were resolved by SDS-PAGE, followed by western blotting. Signals were detected by enhanced chemiluminescence (GE Healthcare, WI, USA) according to the manufacturer's instructions. The antibodies and corresponding dilutions used are listed in Table 1 .
Primary cortical astrocyte cultures
Enriched cultures of astrocytes were generated using the method developed by McCarthy and de Vellis (1980) . First, mixed glia cultures were generated from 1-to 2-day-old mice. Mouse brains were aseptically removed and placed in sterile culture dishes containing Hank's balanced salt solution. The meninges and blood vessels were removed by dissection, and the cerebral cortices (including the hippocampus) were isolated from the brain. The cerebral cortices were mechanically dissociated and suspended in Dulbecco's Modified Eagle Medium (DMEM) supplemented with 10% fetal bovine serum, 7.5 mM glucose, 4 mM L-glutamine, 1000 U/ml penicillin, and 1 ng/ml streptomycin. Next, cells were centrifuged at 2000 rpm for 5 min, resuspended in 10% DMEM, and placed in 75-cm 2 flask. Cultures were maintained in 10% DMEM at 37°C in an atmosphere of 5% CO 2 . After one week, cells were mechanically dissociated to generate cultures enriched for astrocytes (N98%). Astrocytes were harvested by trypsinization, plated in 3.5 cm dishes, and maintained in 10% DMEM for one day to reach almost 80% confluency. One day prior to experiments, cultures were switched to full DMEM. For the leptin load experiment, astrocytes were incubated in 10% DMEM plus varying concentrations of leptin for one day.
RT-PCR analysis of mRNA of leptin receptor subtypes in cultured mouse astrocytes Total RNA was extracted using an RNeasy Plus Mini Kit (Qiagen, Venlo, Netherlands), and first-strand cDNA was synthesized using SuperScript VILO cDNA synthesis kit (Invitrogen, Carlsbad, CA, USA). The PCR condition for LepRa was as follows: denaturation at 95°C for 5 min, followed by 35 cycles of denaturation at 95°C for 1 min, annealing at 55°C for 1 min, and extension at 72°C for 1 min. PCR conditions for other LepR isoforms used the same conditions, except for the annealing temperature (LepRb at 59°C, LepRc at 54°C, LepRd at 48°C and LepRe at 54°C). The primer sequences were generated by Hsuchou et al. (2009) .
Real-time PCR
The mRNA levels of IL-1β, CCL2 and TNF-α transcripts were analyzed by quantitative real-time PCR using the ABI PRISM® 7900HT sequence detection system (Applied Biosystems, Foster City, CA, USA). PCR reactions consisted of 2.5 μl of TaqMan® Universal Master Mix II, no UNG, 0.25 μl of TaqMan® Gene EXpression Assay, 1.75 μl of UltraPure™ distilled water, and 0.5 μM cDNA. PCR cycling was as follows: 10 min at 95°C, followed by 40 cycles of 95°C for 15 s and 60°C for 1 min. Samples were run in triplicate. β-Actin was used as the endogenous reference transcript. The results of the PCR reactions were analyzed by ABI PRISM SDS 2.1 software.
Results
HCD induces obesity and hyperleptinemia, but limited insulin resistance in PS19 mice; EX reduces hyperleptinemia without reducing body weight PS19 mice fed HCD showed a significant increase in the body weight from 4 months to the experimental endpoint (10 months), and around 20% body weight gain was observed after 5 months compared with mice fed SD. HCD + EX PS19 mice did not show any significant reduction in body weight compared with the HCD PS19 mice, and the change in body weight with age was almost identical in these two groups (Fig. 1A) . This indicated that metabolic and pathological changes in the EX group were not due to a reduction in the fat volume. The average fasting serum insulin levels in the HCD group seemed elevated, but were not statistically significant (Fig. 1B) , and there was no significant difference in the levels of fasting blood glucose (Fig. 1C) . The IGTT showed a mild elevation in blood glucose at 15, 60, and 120 min, and representative areas under the curve (AUC) were higher in HCD than in SD. HCD + EX showed a slight elevation in blood glucose only at 120 min, but no difference in AUC (Fig. 1C) , whereas in the ITT there was no difference in the peak rate of lowering blood glucose (SD at 30 min, HCD and HCD + EX at 45 min). Additionally, AUC showed no differences in each group, although the declining rate of lowering blood glucose after insulin injection was slower in HCD (Fig. 1D) . Moreover, western blotting of brain homogenate samples for pAKT, a downstream target of insulin signaling, showed no significant difference in each group (Fig. 1D ). These data indicated that the glucose metabolic abnormality seemed to be mild, and there was limited insulin resistance. Meanwhile, the serum leptin level in HCD was significantly elevated. EX normalized the level, indicating that HCD-induced leptin resistance was recovered in EX ( Cholesterol and triglyceride were mildly elevated in HCD, but returned to normal in EX (Figs. 1F, G) . This data on metabolic changes indicated that HCD induced obesity, hyperleptinemia, and mild glucose metabolism abnormalities, but limited insulin resistance, and EX completely reversed the observed hyperleptinemia.
HCD enhances tau pathology and tau insolubility, and EX suppresses tau enhancements
To compare the tau pathology among the groups, brain sections were immunostained with AT8, an antibody specific for phosphorylated tau ( Figs. 2A-H) . WT mice did not show any AT8-positive staining in the CA1 (Fig. 2D) or CA3 (Fig. 2H) regions. Although the distribution of taupositive neurons, which were mainly located in the hippocampus, Fig. 1 . High calorie diet (HCD) induces obesity and hyperleptinemia, but not insulin resistance; voluntary exercise (EX) restores those abnormalities. The average body weight in PS19 mice fed the HCD is significantly increased compared with PS19 mice fed the standard chow diet (SD). Meanwhile, EX with a running wheel does not decrease the average body weight (A). Although the average insulin level is higher in HCD, it is not significant (B). Intraperitoneal glucose tolerance tests (IGTT) show mild elevated blood glucose levels in HCD-fed PS19 mice at 15, 60 and 120 min, although the fasting glucose levels in each group are identical (n = 13 (SD), 12 (HCD), 6 (HCD + EX)). Areas under the curve (AUC) of IGTT in HCD are greater than SD (C) (n = 12 (SD), 10 (HCD), 6 (HCD + EX)). Meanwhile, insulin tolerance tests demonstrated no difference in AUC and the peak rate of lowering blood glucose in each group, although slightly higher blood glucose levels at 15 and 30 min are seen in HCD (D). Moreover, western blotting of brain homogenate samples for pAKT, a downstream target of insulin signaling, showed no significant difference in each group (panel D) indicating that the glucose metabolic abnormality seemed to be mild, and there was limited insulin resistance. Serum leptin is about three times higher in HCD than SD, but EX completely abrogates the change (E). Total cholesterol and triglyceride levels are slightly elevated in HCD (F, G). n = 13 (SD), 12 (HCD), 10 (HCD + EX) (except IGTT, ITT). *, p b 0.05; **, p b 0.01 to SD; error bars, 1 SE. amygdala, brain stem, and spinal cord, was similar in each group, the HCD PS19 mice showed much stronger tau pathology in the CA1 (Fig. 2B) and CA3 (Fig. 2F) regions compared with the SD PS19 mice (Figs. 2A, E) . The HCD + EX PS19 mice exhibited a milder tau pathology than did the HCD PS19 mice (Figs. 2C, G) . Statistical analysis (n = 4, each group) also demonstrated enhanced tau pathology in CA1 and CA3, and mild Fig. 2 . HCD enhances, but EX mitigates tau pathology and synaptic degeneration. Immunohistochemistry of AT8 antibody (A-H), specific for phosphorylated tau protein, reveals enhanced tau pathology in HCD PS19 mice (B, F) compared with SD PS19 mice (A, E), and HCD + EX PS19 mice show milder tau pathology (C, G) compared with HCD PS19 mice. There is no AT8 staining in WT (D, H). Statistical analysis (n = 4, each group) indicated that in the CA1 region, the number of AT8-positive neurons (black bar) was increased in HCD PS19 mice compared to SD PS19 mice, although the total neuron number was unchanged (M); however, in the CA3 region, the number of AT8-positive neurons (black bar) was mildly increased in HCD PS19 mice. The neuronal loss was significant in HCD mice (N). Syntaxin staining in PS19 mice shows synaptic degeneration in the CA3 region (I, compare with WT (L)). HCD reduces syntaxin staining more (J), whereas syntaxin staining in HCD + EX PS19 mice (K) is similar to the SD PS19 mice (I). Proteins were extracted from mouse brains after mixing with RIPA buffer (50 mM Tris, 150 mM NaCl, 0.1% SDS, 0.5% sodium deoxycholate, 1% NP40, 5 mM EDTA; pH 8.0, and protease inhibitor cocktail) and centrifuging at 50,000 ×g for 40 min at 4°C in an ultracentrifuge. The supernatants were used as RIPA-soluble samples (O, upper panel) , and the RIPA-insoluble pellets were extracted with 70% formic acid (FA) to recover highly insoluble protein (O, lower panel; P) . Although HCD + EX shows no change in the expression levels of tau protein in the RIPA-soluble samples (O, upper panel) probed with a 17026 polyclonal tau antibody, RIPA-insoluble tau (O, lower panel) is increased in the HCD PS19 mouse brains. Slow-migrating bands (O, lower panel, arrow) are clearly seen and are strongly detected by p-tau specific antibodies T181 (P, upper panel, arrow) and AT8 (P, lower panel, arrow) in the HCD group, indicating that a highly-phosphorylated form of the insoluble-tau protein is markedly increased in the HCD PS19 mouse brains. Scale bars, 50 μm. *, p b 0.05, to SD; error bars, 1 SE; n = 4/group. neuronal loss in CA3 in HCD PS19 mice (Figs. 2M, N) . Because synaptic degeneration is one of the earliest pathological changes in PS19 mice (Yoshiyama et al., 2007) , we compared synaptic loss in the CA3 region using immunohistochemistry for syntaxin, which stains presynaptic terminals (Figs. 2I-L) . Syntaxin staining was intense in the synapse-rich granular layer of CA3 in 10-month-old non-transgenic wild type (WT) mice (Fig. 2L) , but was decreased in SD PS19 (Fig. 2I) and HCD + EX PS19 mice (Fig. 2K) . Staining was almost completely abolished in HCD PS19 mice (Fig. 2J) . This indicated that HCD accelerated synaptic degeneration, and the addition of EX suppressed it.
Because more tau-positive neurons were observed in HCD, the brain tissue from mice was subsequently analyzed for RIPA-soluble and RIPA-insoluble tau. The expression levels of RIPA-soluble tau were almost identical in each group (Fig. 2O, upper panel) . However, RIPAinsoluble tau was increased in HCD (Fig. 2O, lower panel) . In particular, a slowly migrating band (Fig. 2O, lower panel, arrow) , which was highly phosphorylated and specifically recognized by AT8 (Fig. 2P, lower  panel) , was intense in HCD PS19 mouse brain samples in the RIPAinsoluble fraction. Western blotting with another phosphorylated tauspecific antibody, T181, demonstrated that tau in the RIPA-insoluble fractions was also hyperphosphorylated in HCD PS19 mice (Fig. 2P , upper panel). Interestingly, T181 recognized lower molecular bands strongly, suggesting that the RIPA-insoluble fraction might contain T181-positive truncated or degraded tau proteins.
HCD activates p38 and CDK5, but EX suppresses JNK, p38, and CDK5
Immunohistochemical and biochemical studies indicated that EX attenuated the insolubility and hyperphosphorylation of tau caused by HCD. To elucidate biological alternations in tau, we examined several putative tau kinases and other related kinases (Fig. 3) . Specifically, the activated and inactivated forms of GSK-3β, CDK5, and MAPKs were analyzed. Activity of these enzymes is controlled by phosphorylation state, and although most of these enzymes are activated by phosphorylation, GSK3β is inactivated by phosphorylation. In WT mice and in SD, HCD, and HCD + EX PS19 mice, expression of enzymes was similar in all groups, which suggested that basic expression levels of these enzymes were not affected by the transgene, HCD, or EX. HCD showed enhanced enzyme activity for p38 and CDK5, and EX suppressed this effect. JNK activity was clearly suppressed by EX, although it was not clear if HCD enhanced JNK activity. Interestingly, EX did not suppress JNK activity in SD-fed PS19 mice (Supplemental Fig. 1F ). In addition to phosphorylating tau, JNK regulates a wide spectrum of intracellular signaling pathways (Chen, 2012) , and is involved in metabolic regulation (Hirosumi et al., 2002) . Suppression of JNK activation by EX might be related to the corrective effect of EX on the deregulation of metabolism caused by obesity.
HCD enhances glial activation, but EX suppresses this effect
Microglial-mediated neuroinflammation plays an important role in neurodegeneration in a number of diseases, including tauopathies (Akiyama et al., 2000) . In fact, PS19 mice show microglial activation preceding tau pathology and neuronal loss (Yoshiyama et al., 2007) . Many studies have indicated that obesity is linked to a state of chronic, low-grade inflammation (Hotamisligil and Erbay, 2008; McArdle et al., 2013; van Greevenbroek et al., 2013) , and exercise is known to produce anti-inflammatory effects (Petersen and Pedersen, 2005; Gleeson et al., 2011) . Thus, we estimated microglial activation by using two microgliaspecific antibodies, Iba1 (Figs. 4A-L) and CD68 (Figs. 4M-O) . Immunohistochemistry for Iba1 in hippocampal regions CA1 (Figs. 4A, D (Figs. 4D-E, insets) , whereas a few small, faintly Iba1-positive microglia with thin processes were observed in the WT mice (Figs. 4J-L, insets) . Microglial activation was mainly observed in the hippocampus, amygdala, entorhinal cortex, and brain stem, and corresponded predominantly to regions where tau pathology was observed (data not shown). Because CD68-positive microglia mainly appeared in the granular neuronal layer of the hippocampus that exhibited neuronal loss in older PS19 mice (Yoshiyama et al., 2012) , we stained hippocampal sections for CD68. More CD68-positive microglia were seen in the CA3 region of HCD mice (Fig. 4N ) compared with those of SD mice (Fig. 4M) or HCD + EX mice (Fig. 4O) .
Astrocytes are also involved in the neuroinflammatory process in the brain (Li et al., 2011) , and their activation is closely related to the area of neurodegeneration (Fukutani et al., 2000) . Astrogliosis was observed in the area exhibiting tau pathology in the PS19 mouse brain (Yoshiyama et al., 2007) , and the distribution of astrogliosis closely paralleled that Fig. 3 . HCD activates tau kinases, but EX attenuates the activation. To assess the kinase activities involved in tau phosphorylation, western blot analysis was performed for active and inactive kinases, including GSK3β, CDK5 and MAPKs (p38, JNK, ERK), in PS19 brain samples from WT and from SD, HCD and HCD + EX mice. For all enzymes except GSK3β, the phosphorylated (p-) form is the activated form; p-GSK3 is the inactivated form. HCD clearly enhanced the activation of p38, and CDK5, but not JNK, ERK or GSK3β. EX suppresses p38, CDK5, and JNK. of microglial activation (Yoshiyama et al., 2010) . Astroglial activation was enhanced in the hippocampal region in HCD mice (Fig. 6D) , but was suppressed in HCD + EX mice (Fig. 6G) . The quantitative analysis of the number of glial fibrillary acidic protein (GFAP)-positive astrocytes in the CA3 (Fig. 6J ) and dentate gyrus (Fig. 6K) hippocampal regions indicated that HCD induced more astrogliosis, and that EX attenuated this effect (Figs. 6J, K) .
A short isoform of leptin receptor, LepRa, is strongly expressed in activated astrocytes
In this study, HCD-induced obesity induced hyperleptinemia that was attenuated by EX without a reduction in body weight. We hypothesized that hyperleptinemia might play an important role in enhancing tau pathology and glial activation. This prompted us to investigate the . Leptin receptor a (LepRa) highly expresses in active astrocytes and corresponds to the tau pathology distribution. Low magnification images of brain tissue stained with M18 antibody, which highly recognizes the leptin receptor a (LepRa) and not LepRb, demonstrate clear enhanced staining in the hippocampus from HCD (B), compared with SD (A) and HCD + EX (C). Similarly, the entorhinal cortex (D) and the amygdala (E), where tau accumulation is preferentially seen in PS19 mice, are well stained with M18 antibody. The morphological characteristics of the M18 staining in the entorhinal cortex at higher magnification indicate that astrocytes highly express LepRa (F). The boundary area of the hippocampal CA1 and cortex stained with M18, which indicates that expression of LepRa is restricted in the hippocampal area (G, lower area), but is extended neither to the adjacent white matter nor the cortex (G, upper area). K20 antibody, which recognizes all isoforms, weakly stains all brain regions beyond the hippocampus (H) (the upper side is the hilus of hippocampus and the down side is the thalamus). A high magnification image of the visual cortex shows that K20 stains both neurons (asterisks) and glial cells (arrowheads) (I). LepRb specific antibody, CH14014, weakly stains glial cells and neurons (J-L), but the staining intensities in CA3 regions from SD (J), HCD (K) and HCD + EX (L) are almost identical. This indicates that LepRb may weakly express on neurons and glial cells throughout all brain regions, although neurons in the basomedial hypothalamus express most highly (data not shown). Immunohistochemistry for pSTAT shows weak neuronal nuclear staining in pyramidal neurons in CA3 regions in SD (M), HCD (N) and HCD + EX (O). The similar tendency was also seen in hypothalamus in SD (P), HCD (Q) and HCD + EX (R). The staining intensity of HCD is weaker than SD or HCD + EX. Western blot for AMPK and its activated form pAMPK shows suppressed activity of AMPK in HCD. Meanwhile, HCD + EX shows upregulations of both AMPK expression and activity (S). 3V, 3rd ventricle. Scale bars, 100 μm in A-E; 10 μm in F, I-L; 50 μm in G, H, J-H, M-O. expression of leptin receptors (LepRs) in the brain. LepRs are produced in several alternatively spliced forms that can be classified into three groups: long isoforms (LepRb), short isoforms (LepRa, c, d and f), and secreted isoforms (LepRe) Wang et al., 1996) . LepRb is the only fulllength isoform, and was initially considered to be the functional receptor based on the finding that it has an extended intracellular domain containing various motifs required to interact with other proteins and subsequently activate signaling pathways (Tartaglia et al., 1995) . Most of the effects of leptin on appetite and body weight are attributable to the central nervous system, especially the basomedial hypothalamus, where LepRb is highly expressed in neurons (Elmquist et al., 1998a (Elmquist et al., , 1998b (Elmquist et al., , 1999 . We used three antibodies to distinguish LepR isoforms: M18, K20, and CH14014. M18 recognizes a portion of the LepR membrane that is juxtapositional to the cytoplasmic domain, and has the highest sensitivity for LepRa. It recognizes the other LepRs, but has less sensitivity for LepRc and LepRd, and the lowest sensitivity for LepRb (Hsuchou et al., 2009) . K20 recognizes all isoforms except LepRe, and CH14014 is a LepRb-specific antibody. Low magnification images of brain tissue from PS19 mice fed HCD and stained with M18 antibody showed enhanced staining in the hippocampus (Fig. 5B ) compared with PS19 mice fed SD (Fig. 5A ) or HCD + EX (Fig. 5C ). Higher magnification of the hippocampal CA1 area demonstrated selective staining with M18, which was not extended to the adjacent white matter or the cortices (Fig. 5G) . Additionally, the entorhinal cortex (Fig. 5D ) and the amygdala (Fig. 5E) , where tau accumulation is commonly seen in PS19 mice, were highly stained with M18 antibody. The morphological characteristics of the M18 staining in the entorhinal cortex at higher magnification indicated that the LepR expression was in astrocytes (Fig. 5F ). To investigate the LepR isoforms expressed in these astrocytes, RT-PCR on mRNA samples from primary cultured astrocytes derived from cortices, including the hippocampus was performed (Fig. 7A) . Homogenate samples from the diencephalon (DC) showed clear bands of LepRa and b, and weak bands of LepRc, d, and e. Meanwhile, the primary cultured astrocytes showed clear bands of LepRa, a weaker band of LepRb, a faint band of LepRc, and trace bands of LepRd and e. Thus, the primary cultured astrocytes expressed mainly LepRa, while DC homogenate, which contained neurons, glial cells other than astrocytes, vessels, and other parenchyma, predominantly expressed LepRa and b. These findings corresponded to the immunohistochemical analysis for LepRs (Fig. 5) . K20 weakly stained all brain regions beyond the hippocampus (Fig. 5H) . A high magnification image of the visual cortex shows that K20 stained both neurons and glial cells (Fig. 5I) . CH14014 weakly stained both glial cells and neurons (J-L), and the staining intensities in CA3 regions from SD (J), HCD (K), and HCD + EX (L) were almost identical. These results indicated that LepRb was widely expressed throughout the brain, including the hippocampus, neocortices, and hypothalamus (Mercer et al., 1996; Funahashi et al., 2003) . Taken together, M18-stained astrocytes highly expressed LepRa, which might play a major role in these cells.
HCD induces leptin resistance both in hippocampal and hypothalamic neurons, but EX restores it
One of the most important signaling pathways medicated by LepRb is the signal transducer and activator of transcription-3 (STAT3) signaling pathway. Phosphorylation of STAT3 (pSTAT3) enables its nuclear translocation and promotes transcriptional effects. Thus, we performed immunochemistry to ascertain the prevalence of pSTAT3. Although an antibody specific to pSTAT3 stained nuclei of neurons in the hypothalamic nucleus (Figs. 5P-R) , it also weakly stained hippocampal neurons (Figs. 5M-O) . Meanwhile, there was no obvious glial staining, indicating that STAT3 and its downstream signaling might not operate in glial cells. Interestingly, the nuclei positive for pSTAT3 in the hippocampus region had similar staining in SD (Fig. 5M ) and HCD + EX (Fig. 5O ), but weaker staining in HCD (Fig. 5N) , indicating that leptin resistance in HCD mice (Figs. 5N, Q) occurred not only in hypothalamic neurons (Figs. 5P-R) , but also in hippocampal neurons (Figs. 5M-O) . Because leptin can modulate AMP-activated protein kinase (AMPK) activity following binding to LepRb (Kola et al., 2006) , we also performed a western blot for AMPK and its activated form, pAMPK. Although there was considerable sample-to-sample variation in the amount of pAMPK, it generally seemed decreased in samples from HCD mice. Interestingly, the AMPK expression was increased in HCD + EX, suggesting that EX might increase both the activation and expression of AMPK (Fig. 5S) .
HCD enhances LepRa expression in astrocytes, but EX suppresses it
Astrocytes were activated and their LepRa expression was enhanced in the hippocampus of HCD PS19 mice. Therefore, we quantified the activation of astrocytes and their LepRa expression in double-stained hippocampal sections using an astrocyte-specific antibody for GFAP (Figs. 6A, D, G) and the M18 antibody (Figs. 6B, E, H) . The staining clearly demonstrated astrocyte activation by intense GFAP staining, thickened cellular processes, and evidence of hypertrophy in the hippocampus in HCD mice (Fig. 6D) . M18 staining was also stronger in astrocytes from HCD mice (Fig. 6E) . Additionally, astrocyte proliferation was confirmed by counting the number of astrocytes (Figs. 6J, K) . Merged images (Figs. 6C, F, I ) demonstrated that not all GFAP-positive astrocytes were stained with M18. Activated astrocytes had increased M18 staining (Fig. 6F ). This indicated that activation of astrocytes might induce and enhance LepRa expression. Quantitative analysis in hippocampal CA3 (Fig. 6J ) and dentate gyrus (Fig. 6K ) confirmed enhanced astrogliosis and LepRa expression in the hippocampus of HCD mice, and EX suppressed those changes (Figs. 6J, K) .
Leptin induces Il-1β and TNF-α expression in primary cultured astrocytes via a LepRb-independent pathway
We speculated that astrocyte activation and enhanced astrocyte LepRa expression in HCD PS19 mice might play an important role in the enhanced tau pathology by activating inflammation. In addition to controlling appetite, it has been reported that leptin increases the expression of pro-inflammatory cytokines in some cell types, including IL-1β and TNF-α (Hosoi et al., 2000; Aleffi et al., 2005; Shen et al., 2005; Hekerman et al., 2007; Wong et al., 2007; Lafrance et al., 2010) ; it has also been reported that inflammation increases the levels of leptin and its receptors (Fernandez-Riejos et al., 2010; Gan et al., 2012) . Because the expression of LepRa was enhanced in astrocytes in HCD-induced obese PS19 mice, we speculated hyperleptinemia induced inflammatory reactions in astrocytes with enhanced LepRa expression. To examine whether leptin induces pro-inflammatory cytokines in astrocytes, we conducted a leptin-load experiment in PCA. In this experiment, we used LepRb-deficient mice (db/db) and WT mice. Real time PCR analysis of TNF-α mRNA levels demonstrated a dose-dependent increase in both WT and db/db mice (Fig. 7D ) in response to leptin. This clearly indicated that leptin likely induced TNF-α via LepRa and not via LepRb. Interestingly, IL-1β was increased only in db/db mice but not in WT mice (Fig. 7B ). This suggests that the upregulation of short forms of LepRs (probably LepRa) induced by LepRb-deficiency in db/db mice might enhance IL-1β expression. Although C-C motif chemokine 2 (CCL2) (also called monocyte chemotactic protein-1 (MCP-1)), a small cytokine involved in neuroinflammatory processes, is highly expressed in astrocytes and neurons in the mouse brain (Ransohoff et al., 1993) , leptin failed to alter mRNA levels of CCL2 (Fig. 7C ).
Discussion
The most discriminative and important points in this study are that the HCD-induced obese tauopathy model mice we generated showed hyperleptinemia, but not obvious insulin resistance, and that EX ameliorated the hyperleptinemia without reducing body weight. These model mice and unique experimental conditions allowed us to explore the relationship between hyperleptinemia and changes related to enhanced tau pathology, although it is impossible to completely exclude the possibilities that limited insulin signaling abnormality or other metabolic factors might play a role in enhancing tau pathology. The HCD we used here contains relatively lower fat and calories than the HCD used in a majority of diet-induced obesity studies; HCD usually contains around 35% fat, 60% cal from fat, and 550 cal/100 g. Meanwhile, HCD in this study contained 15.3% fat, 32% cal from fat and 415 cal/100 g. Therefore, the degree of obesity in this study was around 20% body weight gain, while that in other papers is usually more than 50% body weight gain, compared to the SD-fed mice. Additionally, the exercise quantity in HCD + EX in PS19 was about 10% less than that in WT mice (data not shown). This might be one of the reasons why EX did not reduce the body weight in HCD + EX PS19 mice. Recently, Leboucher et al. (2013) also demonstrated that obesity without insulin resistance enhanced hippocampal tau pathology in other tauopathy mouse model . This also indicates that mechanisms other than insulin signaling abnormalities play an important role in enhanced tau pathology induced by obesity. Because no reduction in the body weight was observed in the transgenic mice, the fat volume of the HCD + EX mice was presumably similar to that of the HCD PS19 mice. In fact, magnetic resonance spectroscopy and imaging of the body composition of the mice in vivo demonstrated that the voluntary exercise with the running wheel rarely changed the lean mass weight in obese MC4R-knockout mice and WT mice (Haskell-Luevano et al., 2009) . EX activates LepR signaling pathways in HCD-induced obese mice (Flores et al., 2006; Ropelle et al., 2008) , consequently lowering serum leptin levels (Krawczewski Carhuatanta et al., 2011 ). Krawczewski Carhuatanta et al. (2011 reported that HCD + EX mice showed a reduction in body weight with intracerebroventricular (ICV) leptin injection, but HCD-fed sedentary mice showed no reduction, even though the mice had the same fat mass as the HCD + EX mice. This indicated that EX improved HCD-induced leptin resistance independent of the increased adipose tissue (adiposity). These data support our speculation that EX might reduce leptin concentration by improving leptin resistance and not by reducing adipose tissue. Meanwhile, it has been reported that EX has beneficial effects on neurodegeneration and inflammation in both the presence and absence of obesity (Adlard et al., 2005; Cotman et al., 2007; Bradley et al., 2008; Balducci et al., 2010) . We found no significant beneficial effects of EX on tau pathology (Supplemental Figs. 1A, B), tau insolubility (Supplemental Fig. 1F ), microglial activation ( Supplemental Figs. 1C, D) , astrocytic LepRa expression (Supplemental Fig. 1E ) or metabolic parameters (Supplemental Table 1 ) in SD-fed PS19 mice, although western blotting showed that ERK1/2 Fig. 6 . HCD enhances, but EX attenuates astrogliosis and leptin receptor a (LepRa) expression in astrocytes. The immunostaining for GFAP (A, D, G) clearly demonstrates astroglial activation in HCD PS19 mice (D) compared with SD (A), and EX attenuates the astroglial activation (G). Immunostaining with M18 antibody (B, E, H), which preferentially recognizes LepRa, shows colocalization of GFAP and LepRa (C, F, I). The number of astrocytes positive for LepRa is increased in HCD (~50%) (F), but decreased in SD (~10%) (C) and HCD + EX (~30%) (I). Higher magnification images (insets) show that enhanced expression of LepRa is seen in more activated astrocytes. Quantitative analysis of cells positive for GFAP or LepRa indicates that significantly more GFAP-and LepRa-positive cells are found in the CA3 region (J) and the dentate gyrus (DG) (K) of the hippocampus (n = 4). Scale bars, 20 μm; 10 μm in insets. Error bars, 1 SE. phosphorylation was suppressed (Supplemental Fig. 1F ). This indicated that EX itself had fewer direct effects on tau pathology and glial activation, therefore, we speculated that the hyperleptinemia induced by HCD and the suppression of that hyperleptinemia by EX might be the main mechanism alternating tau pathology and glial activation, although we cannot exclude the possibility that other pathomechanisms related to obesity and EX play a role in the pathological changes. Additionally, because we did not use cages with the blocked running wheel as controls, environmental differences including cage circumstances might have an affect on the pathology and metabolic changes. Thus, further, more precise experiments are required to show the roles of persistent hyperleptinemia in tau pathology and neurodegeneration. Although the evaluation of HCD effects on cognitive and behavioral functions must be important as same as pathological changes, we did not analyze those, because old PS19 mice showed motor symptoms (paralysis). Recently, Knight et al. (2014) reported that high-fat diet induced memory impairment without enhanced amyloid or tau pathology in 3xTgAD mice (APP S we, PS1 M146 , TAU P301L ). This indicates that obesity itself might affect the cognitive functions without enhanced AD pathological changes.
Leptin is primarily thought to be an anti-obesity hormone because its main physiological function is to prevent obesity by regulating the balance between food intake and energy expenditure. This activity occurs in the basomedial hypothalamus. Although hypothalamic nuclei express LepRb in the greatest density, other LepRs are abundantly expressed in neurons and glial cells throughout the brain (Mercer et al., 1996; Funahashi et al., 2003) , suggesting that leptin might play some role in physiological or pathological processes in the brain besides balancing food intake and energy expenditure. In fact, beneficial effects of leptin on neuronal survival have been reported (Signore et al., 2008; Folch et al., 2012) . Leptin mitigates tau phosphorylation in cultured neuronal cells (Greco et al., 2008) , and continuous intraperitoneal injection of leptin in amyloidogenic transgenic mice (CRND8) reduced amyloid burden and tau phosphorylation in vivo (Greco et al., 2010) . Additionally, the pro-inflammatory effects of leptin have been shown in a variety of different cell types (Hosoi et al., 2000; Aleffi et al., 2005; Shen et al., 2005; Hekerman et al., 2007; Wong et al., 2007; Lafrance et al., 2010) . Hyperleptinemia induced by peritoneal dialysis with glucose-containing fluid increased expression of pro-inflammatory cytokines including TNF-α and IL-6 in visceral adipose tissue in mice. Interestingly, these effects were stronger in obese, LepRb-deficient db/db mice compared with their non-obese littermates (db/m), characterized by an upregulation of LepRa expression (Leung et al., 2012) . Chronic ICV administration of leptin activated astrocytes and enhanced GFAP and vimentin expression in adult male rats. Additionally, obese adult male rats with hyperleptinemia caused by neonatal overnutrition showed similar changes in glial structural proteins (Garcia-Caceres et al., 2011) . In our study, HCD-induced obesity also caused astrocytic activation with enhanced GFAP expression. These results indicate that high levels of circulating leptin induced by obesity might act on astrocytes similarly to chronic ICV administration of leptin, suggesting that the effects of leptin on astrocytes might not be suppressed when so-called "leptin resistance" occurs, in which leptin effects on neurons and neuronal circuits are down-regulated (Fig. 8) .
Because there are few studies about LepRa and its functions, the function of LepRa in astrocytes is not clear, but analysis of astrocytic LepR knockout mice (ALKO) provides some indications about LepRa function in astrocytes. Interestingly, ALKO showed less hyperleptinemia and GFAP expression than WT mice when HCD was supplied, although the differences between ALKO and WT mice were not seen when SD was supplied (Jayaram et al., 2013) . They speculated that in the case of prolonged HCD, astrocytic LepRs became highly reactive to circulating concentrations of leptin, followed by astroglial activation and proinflammatory cytokine secretion, which eventually led to neuroinflammation. Neuroinflammation reduces sensitivity of neurons to leptin (leptin resistance), enhancing hyperleptinemia even more (Jayaram et al., 2013) . This speculation is based on a series of pathological events in the hypothalamus that explain the impaired leptin signaling. Fig. 8 shows a model of how hyperleptinemia acts in the hypothalamus and hippocampus in the obese tau mouse model. Hyperleptinemia caused by HCD-induced obesity reduces the leptin sensitivity of neurons in the hypothalamus, further increasing hyperleptinemia while enhancing the sensitivity of leptin in astrocytes (astrogliosis and enhanced expression of LepRa) and accelerating inflammatory responses, including the secretion of pro-inflammatory cytokines and microglial activation. Thus, the enhanced neuroinflammation induced by hyperleptinemia could accelerate tau pathology and neurodegeneration with tau hyperphosphorylation. Moreover, downregulation of leptin sensitivity in hippocampal neurons (leptin resistance) simultaneously might reduce the suppressive effects of tau phosphorylation caused by leptin ) and the neuroprotective effects of leptin ). Our findings do not mean that persistent hyperleptinemia directly initiates tau pathology, but they do indicate that persistent hyperleptinemia could accelerate any existing tau pathology.
In conclusion, we showed that persistent hyperleptinemia caused by HCD-induced obesity enhanced astrogliosis, increased astrocytic LepRa expression, and increased tau pathology in a tauopathy mouse model. These pathological deteriorations were restored by EX, which improved leptin sensitivity. The effects of obesity on tau pathology are not easy to define because they include the effects of obesity itself and the effects of diseases caused by obesity. Although it is inappropriate to simplistically apply the results in this study to humans, hyperleptinemia might be Supplementary data to this article can be found online at http://dx. doi.org/10.1016/j.nbd.2014.08.015.
